Dust grains in various astrophysical environments are generally charged electrostatically by photoelectric emissions with radiation from nearby sources, or by electron/ion collisions by sticking or secondary electron emissions (SEEs). The high vacuum environment on the lunar surface leads to some unusual physical and dynamical phenomena involving dust grains with high adhesive characteristics, and levitation and transportation over long distances. Knowledge of the dust grain charges and equilibrium potentials is important for understanding a variety of physical and dynamical processes in the interstellar medium, and heliospheric, interplanetary/ planetary, and lunar environments. It has been well recognized that the charging properties of individual micron-/submicron-size dust grains are expected to be substantially different from the corresponding values for bulk materials. In this paper, we present experimental results on the charging of individual 0.2-13 μm size dust grains selected from Apollo 11 and 17 dust samples, and spherical silica particles by exposing them to mono-energetic electron beams in the 10-200 eV energy range. The dust charging process by electron impact involving the SEEs discussed is found to be a complex charging phenomenon with strong particle size dependence. The measurements indicate substantial differences between the polarity and magnitude of the dust charging rates of individual small-size dust grains, and the measurements and model properties of corresponding bulk materials. A more comprehensive plan of measurements of the charging properties of individual dust grains for developing a database for realistic models of dust charging in astrophysical and lunar environments is in progress.
INTRODUCTION

Dust in the Interstellar Medium
Dust grains constitute a major component of matter in the universe and play an important role in many physical and dynamical processes in the galaxy, the interstellar medium (ISM), and interplanetary/planetary environments. The dust grains in various astrophysical environments are generally charged, predominantly by photoelectric emissions by UV/Xray radiation from nearby sources, and by electron/ion impact with sticking or by secondary electron emissions (SEEs) at higher energies. Photoelectric emissions from dust grains is believed to be the dominant mechanism for heating the neutral gas in the diffuse interstellar clouds and neutral H i regions (e.g., Harwit 1998; Draine 1978 Draine , 2001 Draine , 2003 Draine & Salpeter 1979; Draine & Sutin 1987; Kimura & Mann 1998 Mann & Kimura 2000; Weingartner & Draine 2001a , 2001b Weingartner et al. 2006) .
About 1% of the mass of the interstellar cloud surrounding the heliosphere is estimated to be in the dust grains that interact with the heliosphere and influence the distribution of dust grains observed in the solar system. The flow of interstellar dust grains into the heliosphere is influenced by the grain charge. The smallsize dust grains (<0.01 μm radii) with smaller gyro radii are coupled to the interplanetary magnetic field and are diverted around the heliosphere, while larger size dust grains penetrate the heliosphere. The large-size dust grains in the heliosphere, on the other hand, spiral toward the Sun in their orbital motion due the Poynting-Robertson effect, are believed to disintegrate to smaller particles by rotational bursting. The small-size particles in a certain range with the radiation pressure to the gravitational force ratio β >1 are driven out of the solar system (e.g., Misconi 1993; Wehry & Mann 1999) . These effects of the interaction of charged dust grains with the interplanetary magnetic field are consistent with depletion of the smallest size dust grains in the inner heliosphere, as indicated by the observations from Ulysses, Galileo, and Cassini (e.g., Mann & Kimura 2000a; Slavin et al. 2009 ). Knowledge of the grain equilibrium charges and surface potentials provides information for evaluating the physical and dynamical processes involved in the formation and evolution the galaxy, ISM, diffuse interstellar clouds, and planetary systems.
Dust in the Lunar Environment
A vast majority of the lunar surface is covered with a layer of micron-/submicron-size dust grains formed by meteoroid impact over billions of years, and is electrostatically charged by the incident solar radiation and the solar wind plasma. The dust grain charge and surface potential are determined by complex charging processes that are a function of radiation intensities, photon energies, photoelectric yields, electron energies, and secondary electron yields. Evidence strongly suggests that electrostatic potential of micron-/submicron-size dust grains plays an important role in physical and dynamical processes in the lunar environment. The Apollo astronauts found the lunar dust to be unusually high in its adhesive properties, sticking to suits, instruments, and mechanical hardware. Observational evidence as well as theoretical models suggest that electrostatically charged fine lunar dust grains smaller than a few microns in size are electrostatically transported above the terminator with the submicron-size grains reaching tens of kilometers in altitude (e.g., Criswell 1973 Vol. 718 et al. 2002 Vol. 718 et al. , 2007 Vol. 718 et al. , 2009 Stubbs et al. 2006; Colwell et al. 2007) . Although the basic principles and the underlying sources of the observed lunar dust phenomena are well recognized, the extent and the details of the lunar dust charging and transport processes remain poorly understood, as the current theoretical models do not satisfactorily explain the observed lunar dust phenomena. Appropriate mechanical and instrumental strategies based on definitive knowledge of the physical and optical properties of the lunar dust need to be developed in view of its impact on mechanical systems and human habitat for extended lunar missions.
Dust Charging Processes
Dust grains in space environments are charged positively by photoelectric emissions with radiation at photon energies larger than the work function of the grain material, and negatively or positively by the solar wind electrons/ions. Dust grain charging by electron impact, however, has been found to be a more complex process, as discussed in Section 3. Incident electrons sticking to a dust grain charge it negatively, whereas the emission of excited electrons or SEEs would charge it positively. Impacting electrons may thus lead to positive or negative charging of dust grains generally depending upon factors such as the grain size, surface potential, electron energy, electron flux, grain composition, and configuration. Currently available classical theoretical models are generally applicable for neutral, planar, bulk surfaces, with some models permitting relatively simple modifications. These models do not provide calculations to explain the measurements of the charging properties of electrostatically charged small-size dust grains under variable electron flux densities by electron impact. Rigorous quantum mechanical models to explain the measurement of charged submicron-size dust grains are not yet available.
Experimental knowledge of the charging properties, equilibrium charges, and potentials of individual dust grains in astrophysical environments is thus required for evaluation of physical and dynamical processes. It has been well recognized that the optical properties of small-size individual dust grains are substantially different from measurements made on bulk materials (e.g., Watson 1972 Watson , 1973 Gallo & Lama 1976a , 1976b Draine 1978; Draine & Sutin 1987) . Recent measurements on charging by photoelectric emissions involving individual micron-size analogs of interstellar dust grains and Apollo lunar dust grains (Abbas et al. 2006 (Abbas et al. , 2007a (Abbas et al. , 2007b have indicated substantial differences compared with the corresponding measurements made on bulk materials (e.g., Wyatt 1969; Feuerbacher et al. 1973) .
In this paper, we present some experimental results on the charging of micron-/submicron-size dust grains by low-energy electrons carried out on particles selected from sample returns of the Apollo 11 and 17 missions, as well as spherical silica particles of known size. Investigations of the charging processes and the results presented are of interest for evaluations of lunar dust charging by solar wind electrons in the lunar environment. The experimental technique employed in the measurements is discussed in Section 2, and the basic equations for calculations of the charging rates and the secondary electron yields of the lunar dust grains are given in Section 3. Section 4 presents the experimental results in some detail, with a discussion of the possible sources of errors in the measurements given in Section 5. A brief summary of the work with conclusions is given in Sections 6 and 7.
EXPERIMENTAL TECHNIQUE
The experimental technique employed for measurements of lunar dust charging by electron impact presented here is based on a facility referred to as an electrodynamic balance (EDB), or as a quadruple trap, with the capability to conduct experiments on individual micron-size dust grains in simulated space environments (Figures 1 and 2) . Positively or negatively charged individual dust grains, inductively charged in a particle injector are inserted in the quadruple trap where they are levitated in a potential well formed by hemispherical top and bottom electrodes kept at DC potentials, and a ring electrode at an AC potential. The experimental details and the basic equations employed in the measurements have been given in the references (e.g., Davis 1985; Spann et al. 2001; Abbas et al. 2002 Abbas et al. , 2004 . This facility has been employed for dust charging measurements of individual dust grains by photoelectric emissions, as well as other experiments of astrophysical interest, including measurements of radiation pressure efficiencies of individual dust grains, and rotation and alignment of dust grains in the ISM, discussed in previous publications (e.g., Abbas et al. 2003 Abbas et al. , 2006 Abbas et al. , 2007a Abbas et al. , 2007b . The technique has also been used for electron impact charging of dust grains with electron energies in the keV range with a different experimental setup and procedure (e.g., Richterova et al. 2007 ). The focus in this paper is on low electron energy charging of lunar dust grains with some preliminary experimental results having been reported in previous publications.
Experimental Apparatus
The experimental apparatus employed in the dust charging measurements by exposing levitated dust grains to low-energy electrons is based on the following equipment (Figures 1 and 2 Optical equipment. For imaging a particle on a monitor, a 15 mW He-Ne laser, an optical imaging system with a CCD camera for projecting the levitated particle image on a monitor. 4. Low-energy electron gun. Mounted at the top of EDB, with a power supply and controller for selecting a mono-energetic Gaussian electron beam at desired energy levels. 5. A Faraday cup. Below the EDB, connected to an electrometer to measure the electron current. 6. Vacuum equipment. To evacuate the system to pressures of ∼10 −5 -10 −6 torr. 7. Particle injector. A pressure impulse device to inject an inductively charged particle (positive or negative) of known composition and density in the balance through a port at the top.
Detailed descriptions of the experimental apparatus have been given in previous publications referenced above.
Experimental Procedure for Measurement of the Charging of Dust Grains by Electron Impact
Positively or negatively charged particles are stably trapped in the EDB and the system is evacuated to pressures of ∼1-5 torr. The particle effective diameter D μm is then determined by using the marginal stability conditions referred to as the "spring point method" (Davis 1985; Spann et al. 2001; Abbas et al. 2002; . Thereafter, the system is evacuated to pressures of ∼10 −5 -10 −6 torr, and the levitated particle exposed to an electron beam at selected energy in the 10-200 eV range. As the particle charges or discharges with the impact of electrons, its position deviates from the trap center, requiring an adjustment in the DC voltage V DC (t), the measurement of which provides an evaluation of the particle charge q(t) in accordance with
where g is gravitational acceleration, m is the particle mass, z o = 0.75 cm is the distance from the trap center to the DC electrodes, and C o is a geometric constant determined experimentally as 0.68. With determination of the effective particle diameter, the particle mass m is calculated by using the predetermined lunar dust grain mass density ρ = 1.8 g cm −3 . Detailed descriptions of the experimental apparatus and the mathematical equations for evaluation of the measured quantities on an EDB have been given in previous publications (Davis 1985; Spann et al. 2001; Abbas et al. 2003 Abbas et al. , 2004 Abbas et al. , 2006 Abbas et al. , 2007a Abbas et al. , 2007b Abbas et al. , 2008 ).
CALCULATION OF CHARGING RATES AND SECONDARY ELECTRON EMISSION YIELDS BY ELECTRON IMPACT
The two fundamental processes involved in the charging of dust grains by incident electrons in space environments may be categorized as (a) sticking/scattering of incident electrons and (b) SEEs. The two processes have been extensively discussed in detail in the literature (e.g., Jonker 1952; Bruining 1954; Sternglass 1954; Lye & Dekker 1957; Hachenberg & Bauer 1959; Everhart 1960; Dionne 1975; Meyer-Vernet 1982) .
(a) Sticking/scattering of incident electrons. In this process, the primary electrons incident on a dust grain at a surface potential ±φ s may be reflected at the surface or may penetrate the dust grain and scatter in an inelastic scattering process. The sticking efficiency η st (or the reflection coefficient (1−η st )) of the incident electrons is largely a function of the electron energy, the grain size, potential, and the grain material. This process may lead to the discharging of positively charged dust grains to an equilibrium potential, or further charging of negatively charged grains to higher negative potentials.
We assume a dust particle of diameter D μm at an electrostatic potential φ s, exposed to an electron beam of width ω e with electron energy of E B with a total beam current of I e . The number of electrons incident on the dust grain per second n d e , modified by the attractive and repulsive forces due to the potential φ s of the grain may be written as (e.g., Meyer-Vernet 1982)
The first term in the above expression represents the number of electrons in a cross section area corresponding to a particle of diameter D μm in a beam of 1/e width of ω e , and the second term with the positive and negative signs expresses the attractive and repulsive factors for particle positive or negative potentials, respectively. The number of electrons absorbed or emitted by the particle is given by the rate of change of the charge of the particle, which is directly measured on the EDB through the measurement of V DC as a function of time in accordance with Equation (1).
Assuming no SEE, the current to the dust grain due to sticking electrons may be written by employing Equation (2), as:
The process of the sticking of electrons leads to the discharging of positively charged dust grains and charging of negatively charged dust grains.
(b) SEEs. In this process, energetic electrons incident on a dust grain penetrate and excite emissions of secondary electrons. Only the excited electrons with sufficient energies are ejected from the grain. The SEE process is recognized to be an important mechanism for grain charging in space environments where energetic electrons are present, and may lead to the charging of positively charged grains to higher potentials, or the discharging of negatively charged grains. The secondary electron yield δ sec defined as the ratio of electrons emitted to the electrons incident on the dust grains is a function of the incident electron energy, the grain size, potential, the composition and configuration of the grain material, and the flux density of the incident electrons.
An electron beam with primary energy E p penetrating into the grain material is experimentally observed to lose its energy to E(x) at distance x in accordance with Whiddington's law (Whiddington 1912) as
where α is the absorption coefficient constant which depends on the material. It is assumed that the production of secondary electrons is proportional to the loss of energy as a function of distance x. The current intensity I p in the electron beam is partially absorbed and is thus assumed to decrease in accordance with the absorption law, and alternatively may be written in the form
The secondary electron yield at energy E is widely approximated by the expression (Sternglass 1954 ):
where δ M is the maximum yield at the peak energy E M. With measurements on bulk materials, δ M is found to be of the order of unity for metals and semiconductors and ∼2-30 for insulators, peaking at E M ∼ 300-2000 eV (e.g., Bruining 1954; Dionne 1975; Millet & Lafon 1985) . The above expression for the secondary electron yield has been verified experimentally for Figure 3 . Plot of the secondary electron yield δ sec using the Sternglass expression (Equation (6)) with EM = 400 eV and δ M = 2.0.
bulk materials and flat surfaces. A plot of this expression for assumed values of EM = 400 eV, and δ M = 2.0 is shown in Figure 3 . The expression in Equation (6) is valid only for electrostatically neutral and planar bulk materials and is not applicable for positively or negatively charged dust grains of micron-/submicron-size dust grains. This difference between the properties of individual dust grains and corresponding bulk materials is believed to be due to the vastly different forces arising from the curved surface effects of micron-size dust grains.
Net Charging Equations for Dust Grains
The net charging current for dust grains is a complex function of the above-mentioned two processes of sticking electrons and SEEs discussed in (a) and (b) above, involving equations with multiple solutions. This leads to situations where two similar dust grains in a space environment with different past histories may have different charges and equilibrium potentials (e.g., Meyer-Vernet 1982; Horányi 1996; Horányi et al. 1998) . Rigorous theoretical models for simultaneous calculations of the sticking efficiencies and secondary emission yields for micron-/submicron-size dust grains are not yet available. The information about the grain charging rates and equilibrium potentials has to be obtained by laboratory measurements with the help of previously employed phenomenological equations for calculation of the currents (e.g., Prokopenko & Laframboise 1980; Meyer-Vernet 1982; Chow et al. 1993 Chow et al. , 1994 , and are written in the following for positively and negatively charged dust grains exposed to mono-energetic electron beams.
Positively Charged Particles
For a positively charged dust particle at a potential φ s > 0, the net current to the particles composed of the incident electrons directly sticking to the grain and the secondary electrons emitted by the grain may be written in conformity with the above-cited reference (e.g., Meyer-Vernet 1982) as
where the first term in the above equation represents the outgoing electron current due to the SEE, and the second term is the Notes. a Discharging of Apollo 11 dust grains with diameters in the range 0.29-13.4 μm exposed to electron beams of 10-100 eV energy. b The same as a , but for discharging of Apollo 17 dust grains with diameters in the range 0.35-8.62 μm.
current due to the incident electrons. The quantity kT s represents the energy of the secondary electron and
e . e represents the electron current incident on the dust grain as defined in Equation (2). The SEE yield from Equation (7) is given by
When the first term in Equation (7) representing the SEEs is negligible, a positively charged particle rapidly discharges with accretion of the impinging electrons, and the expression η st for sticking efficiency reduces to that in Equation (3):
On the other hand, when the SEE term in Equation (7) becomes equal to the sticking term, dq/dt approaches zero with the particle potential φ s reaching an equilibrium value. The expression for the secondary electron yield at equilibrium potential then reduces to
Negatively Charged Particles
The equation for the net current to a negatively charged dust grain with potential φ s < 0, and exposed to a mono-energetic electron beam of E B (eV) may be written similar to Equation (7) following the above-cited references (e.g., Meyer-Vernet 1982) as
As in Equation (7), the two terms in the above equation represent the currents due to the incident electrons sticking to the Vol. 718 particle and the SEEs from the negatively charged dust grains, respectively. The two factors in the second term represent the repulsive and attractive forces for the incident and emission electrons. Without SEEs, the particles would charge further to higher negative potentials. With SEEs, however, the particles discharge to some equilibrium potentials that depend on the electron energy and the particle size. The secondary electron yield for negatively charged particles may be written as At equilibrium potential, with dq/dt = 0, the above expression for the secondary electron yield reduces to
The charging properties of micron-size dust grains are a complex function of several parameters, as indicated by Equations (7)- (13). In particular, they show dependence on the particle surface potential φ s (q, D μm ), electron beam energy and current, the electron sticking efficiency η st , and SEE yield δ sec . In the limited experimental data presented here, we focus on the charging dependence on the grain size, the electron energy, and the incident electron density. In the following section, we present some selected results based on measurements on individual lunar dust grains in order to examine the nature of the charging properties by low-energy electron impact.
EXPERIMENTAL RESULTS ON CHARGING OF LUNAR DUST GRAINS
Measurements to determine the charging properties of lunar dust grains in the solar wind plasma environment by electron impact were made in the laboratory on the selected individual dust grains from dust samples returned by the Apollo 11 and 17 lunar missions, obtained from NASA-JSC. Positively or negatively charged individual lunar dust grains of various sizes with effective diameters of ∼0.26-13 μm levitated in the EDB are exposed to mono-energetic electron beams at energies of ∼10-200 eV. As the particle charges or discharges by interaction with the incident electrons, the change in charge as a function of time is recorded and the secondary electron yields are calculated in accordance with Equations (1) to (13).
A summary of the results of experimental data for Apollo 11 and 17 dust grains is presented in Tables 1-3 , and a limited set of measurements on silica (SiO 2 ) microspheres of known diameters for validation of the conclusions on Apollo dust grains is shown in Table 4 . The data listed in the tables include the polarity (positive/negative) and diameter (μm) of the particle, electron energy (eV), initial and final grain charge q i , and q f (in units of elementary electron charge e), the time interval Δt (sec), and surface potentials (nV), φ si , φ sf , respectively, along with the charge/discharge process involved. For selected cases, the calculated initial and final values of the secondary electron yields (δ i , δ f ) corresponding to charging or discharging of the dust grains are also given. The secondary electron yields are calculated by using Equations (7)- (13) by employing the measured quantities, and normalizing to an assumed sticking efficiency η st = 1. The number of electrons incident on the dust grain n d e is calculated by using Equation (2), with the total current in the electron beam I e measured by the Faraday cup as indicated in Section 2.1. As the electron beamwidth at the trap center is affected by the variability of the AC/DC potentials of the EDB electrodes, we adjust the electron beam parameter ω e to satisfy the applicable boundary conditions at the initial or the observed equilibrium conditions where the SEEs are equal to the sticking electrons. A brief description of the plots of experimental results of the charging/discharging of some Apollo 11 and 17 lunar dust grains and silica microspheres manufactured by Bangs Laboratories listed in Tables 1-4 is given in the following sections.
Positively Charged Dust Grains
Apollo 11 Lunar Dust Grains
A summary of the measurements on the charging and discharging of some positively charged Apollo 11 lunar dust grains of 0.29-13.4 μm diameters, exposed to 10-200 eV energy electrons is given in Tables 1 and 2 , respectively. Surprisingly, the small-size positively charged particles are generally observed to be discharging with the impact of 100 eV electrons, but charging by 10 or 25 eV electrons. Large particles, such as the 4.3 μm and 13.4 μm sizes, both discharge at energies of 25 eV as well as 100 eV. Typical examples of the plots of experimental measurements of the charging/discharging of some selected dust grains are shown in Figure 4 . Figure 4 (a), for example, shows the discharging of a positively charged 0.29 μm dust grain with the impact of 100 eV electrons (∼1.5 e/s) to an equilibrium potential of ∼0.4 V in ∼50 s, with the SEE electrons becoming equal to the sticking of the impacting electron. The calculated value of the SEE yield as a function of time determined by Equations (7)- (10) to fit the measured data is shown in Figure 4 (b). Figure 4 (c), on the other hand, exhibits the charging of the same dust grain when exposed to an electron beam of 10 eV, with the particle charging from an initial value of ∼100e to a terminal value of ∼300e, beyond which it could not be stably maintained in the trap. The calculated value of the SEE yield as a function of time is indicated in Figure 4 
Apollo 17 Lunar Dust Grains
Experimental data on the charging/discharging of selected positively charged Apollo 17 dust grains of 0.35-8.6 μm diameters exposed to electrons of 25 or 100 eV energy is given in Tables 1(b) and 2(b). Apart from any compositional and configurational differences, which is expected to be a subject of discussions in subsequent papers, the general charging properties of Apollo 17 dust are found to be similar to the Apollo 11 dust grains in that positively charged submicron-size particles are generally observed to charge to higher potentials with the impact of 25 eV energy electrons, and discharge at higher energies of 100 eV. Examples of plots of 0.35 μm Apollo 17 dust grains are shown in Figure 5 , exhibiting charging when exposed to a 25 eV electron beam ( Figure 5(a) ), and discharging when exposed to a 100 eV beam ( Figure 5(c) ), along with the corresponding calculated SEE yields (Figures 5(b) and (d) ). At electron energy of 100 eV, the particles steadily discharge with the impact of incoming sticking electrons, and reach equilibrium potentials when this process is balanced by SEE. At the lower energy of 25 eV, however, the SEE dominates to increase the particle charge steadily to higher values, till the particle may not be stably maintained in the trap with the current experimental limitations.
Negatively Charged Dust Grains
Apollo 11 Lunar Dust Grains
A listing of the Apollo 11 negatively charged dust grains with measured response to the impact of low-energy electrons is given in Table 3 . The grain size varies from 0.25 to 3.18 μm with the impacting electron energy in the range of 10-100 eV. All particles are seen to discharge from the initial negative charge to an equilibrium value at some lower potential at which there is a balance between the impacting sticking electrons to the SEE electrons.
Some selected plots of measurements on negatively charged dust grains are shown in Figures 6(a)-(f) . The discharging of a 0.27 μm particle exposed to a 10 eV electron beam with the calculated SEE yield is exhibited in Figures 6(a) and (b) . The plots of discharging and the SEE yield of 0.32 μm and 3.18 μm diameter particles with 100 and 10 eV electron beams, respectively, are shown in Figures 6(c)-(f) .
Apollo 17 Lunar Dust Grains
Measurements made on negatively charged Apollo 17 dust grains of 0.29-4 μm size exposed to electron beams at energies of 100 eV and 25 eV are summarized in Table 3 (b), with the plots of a couple of selected particles presented in the Figures 7(a)-(d) . The discharging of a 0.29 μm size dust grain when exposed to a 25 eV electron beam is shown in Figure 7 (a). The particle discharges from an initial charge of ∼120e (φ s ∼ 1.2 V) to an equilibrium value of ∼30e (φ s ∼ 0.3 V), indicating the SEEs being balanced by the electron sticking electrons, with the calculated SEE yield shown in Figure 7 (b). Figure 7 (c) represents discharging of a 4.0 μm negatively charged dust grain exposed to a 25 eV electron beam. In both of the above scenarios, the particles are seen to discharge from the initial values of charge and potential to final equilibrium values as listed in Table 3 (b).
Measurements on Silica Microspheres
The measurements presented in the previous sections deal with lunar dust grains randomly selected from the dust from the sample of Apollo 11 and 17 lunar missions, with effective diameters determined by the experimental technique discussed in Section 2. The selected dust grains are expected to be of irregular configuration and of variable composition reflected by the chemical structure of the lunar regolith. The chemical composition of the Apollo 11 lunar dust, for example, is reported as S i O 2 , 41.3 wt.%; Al 2 O 3 , 13.7 wt.%; FeO, 15.8 wt.%; CaO, 12.5 wt.%; MgO, 8.0 wt.%; TiO 2 , 7.5 wt.%, etc. (e.g., Papike et al. 1982) . The lunar dust grains may also include portions of any agglutinates that are composed of mixtures of chemical composition of the lunar regolith, and may also contain nano-phase iron particles (np-Fe
• ). Both types of particles are believed to be formed at high temperatures in meteoritic impact processes. An important question to be addressed in view of the above is to what extent the measurements of the charging properties of randomly selected lunar dust grains reflect the effects of the variability of the grain composition and configuration? Since a particular focus of this paper is on the grain size dependence of the charging properties, the impact of these two factors relative to the size dependence needs to be estimated. In order to differentiate the nature and extent of these factors, electron impact charging measurements on Silica Microspheres obtained from Bangs Laboratories Inc. were carried out on particles of small-size (0.2 μm) and relatively large-size (5.2 & 6.62 μm), with the uncertainty in the diameters estimated to be ∼5%-7%. The data for silica (SiO 2 ) particles are shown in Table 4 , in a format similar to that for the lunar particles (Tables 1-3 ). The plots for two selected particles shown in Figures 8(a)-(f) indicate the charging properties and size dependence of positively charged silica microsphere are similar in nature to that for the positively charged lunar dust Figure 8 (a) for example, shows the plots of charging of a silica spherical particle of 0.2 μm diameter charge from an initial charge of ∼20e to a higher value of ∼160e when exposed to a 25 eV electron beam. The calculated SEE emission yield involved in the charging process is shown in Figure 8 (b). The same particle when exposed to an electron beam at a higher energy level of 100 eV, however, is seen to discharge to a near equilibrium potential and charge of ∼10e, with the corresponding SEE yields shown in Figures 8(c) and (d) . Relatively large-size silica particles, similar to the lunar particles, however, exhibit a distinctly different behavior when exposed to high-(100 eV) and low-(25 eV) energy electron beams, and generally discharge to lower equilibrium potentials at both electron energies. The charging/discharging process of large-size particles, however, is moderated by the high surface potentials that may differentiate the charging/ discharging process for a given electron energy level. This is shown by the plots in Figures 8(e) and (f), where a 6.62 μm size silica particle is seen to discharge from a high charge to a lower value with the impact of 100 eV electrons (Figure 8 (e)), and then discharged again to a charge approaching an equilibrium value with 25 eV electrons (Figure 8(f) ). This charging characteristic measured on commercially available silica microspheres are very similar to that generally observed in the measurements on Apollo lunar dust samples. More detailed discussions on size dependence of the charging properties of small-size dust grains are given in Section 6.
EXAMINATION OF POSSIBLE SOURCES OF EXPERIMENTAL ERRORS
In view of the unexpected and surprising nature of the results presented in this paper, we briefly review the possible sources of experimental errors that may adversely affect the nature of the measured results. A detailed examination of the plausible sources of errors in measurement on individual dust grains on an experimental setup based on EDB has been given in previous publications, in particular, in Section 5 of Abbas et al. (2006) . To examine the validity of the results on electron impact dust charging properties presented in this paper, the following factors in particular may be evaluated.
1. The basic measured quantities. The analytical techniques for evaluating the results discussed in Section 3 are based on direct measurements of the following quantities: the effective diameter of the dust grain D μm , the total current in the beam I e with the impacting electron energy E B , and the deduced beamwidth ω e providing the number of electrons n d e incident on the dust particle. The fundamental quantity determined by the measurements on the EDB is the charge q(t) providing the discharge/charge rate ∂q(t)/∂t and is evaluated through the measurement of V DC (t) in accordance with Equation (1), with the density determined by independent means. With the above measurements, the following quantities are involved in the calculation. The measurement of q(t) may be made with a high degree of accuracy, approaching one electron charge in certain low charge regimes. The accuracy of the q(t) measurements have been validated by a series of independent results based on measurements of radiation pressure efficiencies, rotation and alignment of dust grains, and photoelectric efficiencies of the analogs of cosmic dust grains (Abbas et al. 2003 (Abbas et al. , 2006 (Abbas et al. , 2007b .
Calculation of the SEE yields.
The required number of electrons incident on a dust grain n d e is determined from directly measured quantities in accordance with Equation (2) as discussed in Section 3. Although the electron beamwidth ω e may be determined independently, it is significantly influenced with introduction of the AC and DC fields in the EDB. As discussed in Section 3, the procedure adopted here is to treat ω e as a variable parameter, depending on the values of the AC and DC electrode potentials, in order to determine the electron flux density at the trap center. The correct value of the electron flux produces the initial and final charge conditions of the dust grains. These include the equilibrium charge values, and the net charge balance of the incoming and the emitted electrons, thereby providing a deduced value of the secondary electron yield δ sec .
Influence of the AC/DC fields in the EDB on the electron
beam. The typical peak AC potentials, at frequencies of ∼200-300 Hz, applied to the ring electrode are generally ∼200-500 V during the course of the experiments, and the typical DC potentials on the top and bottom electrodes are ∼0.1-10 V. The radial and axial components of the AC fields produce a potential well with null fields at the trap center with (r, z) = 0 (e.g., Davis 1985; Spann et al. 2001) . At electron energies of the ∼10-100 eV, the transit time for an electron to reach from the top aperture to the trap center over a distance of z o = 0.75 cm is in the range of nanoseconds, compared with the time period of the AC field of ∼ milliseconds. The following two possible effects of the above fields may be speculated.
(a) Effect of the DC potential. The DC field may influence to some extent the electron flux entry into the trap through the 4 mm aperture in the top and bottom electrodes and the radial AC field component may somewhat influence the beamwidth. However, the time-averaged influence of these fields is accounted for with adjustment of the electron flux density at the trap center. An appropriate adjustment of the electron beamwidth ω e in an iterative procedure provides a close fit with the measured values of the net charge balance conditions for the dust grain, as discussed in point (2). (b) Effect of axial component of the AC field. Does the axial component of the AC field lead to acceleration or deceleration of the beam electrons to higher or lower energies during their passage from the entry in the top aperture to the trap center? Considering the electron time of flight ∼ a few nanoseconds in the electric fields corresponding to AC potentials of ∼ 500 V, simple calculations over the variation of half positive cycle of the AC field indicate an approximate change of a few percent in the electron energy for a 10 eV electron beam, and a relatively small change of <1% for 100 eV electrons. In addition to the above, over the full AC cycle, on average there would be no net change in electron velocity or energy. In conclusion, we estimate the influence of the AC and DC fields to be negligible on measurements of electron impact charging of dust grains in an EDB. The above conclusion has been validated by conducting experiments on charging and discharging of dust grains at different values of V ac . For example, a dust grain charged from an initial charge to a final value, with V ac = 300 V, and then discharged and charged again to approximately the same final value of charge with V ac increased to three times the first value.
Effect of the vibrational motion of a dust grain in the electron beam.
The electron beamwidth ω e was typically on the order of 500-1000 μm during the course of the measurements. The vibrational motion of dust grains is generally much smaller than the beamwidth, typically on the order of less than a diameter of the dust grain. Any effect due to this motion is thus expected to be negligible.
Influence of ionization of atmospheric gases in the trap.
At room temperature and pressure of ∼10 −5 torr, the gas density in the trap chamber is ∼3.5×10 11 cm −3 . With a charged particle levitated in the trap and the electron beam turned off, there is no change in the particle charge for long periods of time extending over all day. With the electron beam on, we may assume that all of the atmospheric gas molecules (4.2 × 10 9 ) in the column of the electron beam of width ∼1 mm and a volume of ∼1.2 × 10 −2 cm 3 are all ionized by the energetic beam electrons. The ionized gas diffuse into the gas in the surrounding volume of the trap (∼9 cm 3 ), with the total number of gas molecules in the trap ∼3.2 × 10 12 . With the above gas densities, the mean free path of the gas molecules in the trap is 1 m, and any ionization and collisional effects are negligible.
DISCUSSION OF EXPERIMENTAL RESULTS
An Overview of Electron Impact Measurements
A summary of the measurements of the charging properties of micron-size individual dust grains by electron impact given in Tables 1-4 indicates the complex nature of dust charging process. Dust charging process involving the two competing processes of sticking of incident electrons and the secondary emission electrons indicates a strong dependence on the particle size, electron energy, the electron flux density, as well as the initial conditions of grain charge polarity and potential. Also, dependence on the grain composition and configuration is sometimes indicated by some differences in the measurements on particles of similar size and similar impacting electron energies. The preliminary experimental results presented in this paper have focused primarily on the grain size dependence of dust charging with low-energy electrons in the 10-200 eV range. With several variables involved in the complex grain charging process and the limited experimental data available in Tables 1-4 , only some general qualitative conclusions may be drawn and discussed in the following.
Some Significant Features of Dust Charging by Electron Impact
Measurements of charging properties of individual micronsize Apollo 11 and 17 and silica dust grains levitated in an EDB were made by exposing them to electron beams of 10-200 eV energy. Both positively and negatively charged particles in the 0.25-13.4 μm size range were employed to investigate charging and discharging processes. The measured experimental data based on the charging/discharging rates of individual levitated dust grains with the beam electron current, and calculated electron flux density at the trap center, permit evaluations of the secondary electron yield variations with time.
The charging properties of individual micron-size dust grains presented in this paper focus mainly on their dependence on particle size and energy of the incident electrons, as primarily required in dust modeling studies for various astrophysical and space environments. For more detailed analytical purposes, however, the effects of the variability of composition and irregularity of configuration will be investigated by separating individual grains in bins of similar size and composition with a scanning electron microscope, and followed by identifying their properties in a statistical manner. Alternatively, a suitable technique may be employed to retrieve the levitated particles near the end of experiments and then investigating their structure and the chemical composition. The dust charging data summarized in Tables 1-4 present a complex picture of electron impact charging properties of micron-/submicron-size dust grains with dependence on the grain size, impacting electron energy, and to some extent on the initial dust charge state or electrostatic potential and the incident electron flux density. In view of the limited data and lack of availability of viable rigorous models, it is difficult to provide a detailed analysis of the overall data. However, in the following, we present some overviews of the measured data in order to identify some general trends and characteristics.
1. Size dependence of secondary electron yields. The SEE yields for both positive and negatively charged particles exposed to low-energy electrons in the 10-200 eV range indicate the trend of higher values for small submicronsize particles compared with large particles. A general overview of this effect for positively and negatively charged Apollo 11 and 17 dust particles is exhibited by Figures 9(a) and (b), respectively, with calculations based on the data shown in Table 3 . The plot shows the time-averaged change in the SEE yield normalized to the change in the particle charge (Δδ/Δq (e −1 ) ) over the course of the experiment for a number of dust grains of various sizes. The parameter Δδ/Δq (e −1 ) that basically represents the change in secondary electrons emitted per incident electron indicates a strong dependence of the plotted parameter on the submicron-size, with little change in emission rate for large-size particles. This dependence may be assumed to be due to the fact that the particle curvature and surface effects play an important role in SEEs, and these effects tend to become less important for large-size particles.
The measurements on charging of lunar dust grains indicating a size dependence and higher SEE yields for submicron-size particles are consistent with the measurements on spherical silica particles of known size as discussed in Section 4.3. This comparison implies that any effects arising from variability in composition and irregular configuration are of secondary consideration. In addition, the model calculations of Chow et al. (1993) , as well as the experimental measurements on submicron-size (∼0.1-0.2 μm diameter) organic and inorganic particles in a gas chamber by Ziemann et al. (1995 Ziemann et al. ( , 1996 , indicate strong size dependence and higher SEE yields for submicron-size particles.
Charging of positively charged small submicron-size
grains. A significant surprising phenomenon of the measured trend of higher yields for small submicron-size dust grains discussed above is that small submicron-size positively charged grains generally charge further to higher potentials with the impact of low-energy 10-25 eV electrons. However, at higher energy levels of 100 eV, the small-size positively charged dust grains are observed to discharge (e.g., Figures 4(a) and (b) and 5(c) and (d)). This is at variance with the model calculations and measurements on bulk material. There is no viable theory at the present time to explain this consistently observed phenomenon. However, as in the item (1), it appears that at low electron energies, SEE is dominated by the larger relative surface to volume ratio of the small particles, compared with the larger volume effect of large particles at higher electron energies. 3. Size dependence of equilibrium potential of dust grains.
The two competing processes of dust charging by sticking of electrons and SEEs lead to some equilibrium potential of the grain. As discussed previously, the equilibrium potential is a function of the grain size, the impacting electron energy, and the electron flux density. An overview plot of the grain equilibrium surface potential versus the diameter is presented in Figures 10(a) and (b) for positively and negatively charged dust grains, respectively. These figures indicate the grain size as the most significant factor for equilibrium potentials in the 25-100 eV electron energy range considered here. The equilibrium potential for small-size dust grains indicates a general linear dependence on the grain diameter. This experimental result is consistent with the linear size dependence of the saturation charges of submicron-size organic and inorganic particles indicated by the measurements made by Ziemann et al. (1995 Ziemann et al. ( , 1996 in a chamber environment. 4. The factors involving dependence on the electron flux and energy, and the initial charge state of the particle observed and discussed in the measurements are in agreement with the theoretical considerations discussed in the references (e.g., Meyer-Vernet 1982; Horányi et al. 1995 Horányi et al. , 1998 .
Comparison with Modeling Studies
The standard model generally employed for the calculation of SEE yield is based on the Sternglass (1954) expression as discussed in Section 3. It is clear from Equation (6) and the plot in Figure 3 that the model for calculation of the variation of SEE yield is not valid for electrostatically charged small micronsize dust grains. It is applicable only for neutral and planar bulk materials with no dependence on particle size, curvature, charge state, or the electron flux density. Some classical physics models for charging of individual micron-size spherical dust grains involving SEEs by electron impact have been developed to account for the differences between the properties of small dust grains and bulk materials (e.g., Chow et al. 1993 Chow et al. , 1994 Richterova et al. 2007) . The analytical study by Chow et al. with electron energies over the range of 0-4 keV indicates a crucial grain size dependence of the SEE process for charging of dust grains. The secondary electron yields and equilibrium potentials in their model calculations, for example, are shown to increase substantially for smaller dust grains, with size varying from 0.01 μm to 1.0 μm. The results on measurements of charging of individual micron/ submicron-size lunar dust grains by low-energy electron impact presented in this paper are found to be qualitatively consistent with several features of model calculation of Chow et al. (1993) and measurements of Ziemann et al. (1995 Ziemann et al. ( , 1996 .
CONCLUSIONS
The following general conclusions on the complex nature of SEEs from small submicron-size dust grains may be drawn on the basis of the experimental data presented here.
1. Positively charged particles larger than a few microns in size generally discharge at a rapid rate when exposed to 25-100 eV electron beams, reaching equilibrium potentials with a balance between the sticking electrons and the SEEs.
For very large positively charged particles, however, the discharging/charging rates are moderated by high surface potentials relative to the electron energy levels. 2. Submicron-size positively charged particles at low surface potentials generally charge positively to higher potentials when exposed to 10-25 eV electron beams, indicating the SEE process dominating the sticking of primary electrons. The small-size grains have higher SEE yields than those of large size, for which the dependence on size becomes smaller. 3. A surprising charging feature in the experiments relating to items (1) and (2) above is that positively charged submicron-size grains generally charge to higher values at lower electron energies of ∼10-25 eV, but discharge at 100 eV energies to lower equilibrium surface potentials.
In the absence of a rigorous quantum mechanical model, this experimental observation is attributed to enhanced curvature effects at the surface and boundary layer of submicron-size dust grains. 4. Negatively charged particles exposed to 10-100 eV electron beams generally discharge to equilibrium potentials, with a balance between the SEE and the primary electron sticking at lower particle potentials. 5. Equilibrium charges and surface potentials of dust grains are a function of the particle size, electron energy, electron flux density, and are generally a linear function of the grain size. 6. Models of SEEs for bulk material are not valid for small micron-size dust grains as they do not involve any size, charge, or electron flux density dependence. Semi-classical models developed for micron-size particles, as modification of the bulk models, do not fully incorporate the complex surface phenomena of electrostatically charged small particles, and do not explain the measurements. Rigorous viable models applicable for SEE emission calculations of micron-/submicron-size dust grain remain to be developed. 7. More detailed analysis and interpretation of the measured data will be made with availability of additional more focused data, and availability of rigorous viable models
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